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Abstract 
This report presents application of the MD for the simulation of acoustic agglomeration of poly-disperse aerosol 
particles. The conventional time-driven MD approach was applied and in-house developed MD code was modified for 
simulation purposes.  The aerosol is assumed to be a system of dispersed spherical fluid particles while the 
agglomeration may occur between initial smaller particles sequentially forming larger particles. The modelled processes 
include the agglomeration due to the orthokinetic and acoustic wake mechanisms. Orthokinetic agglomeration refers to 
the agglomeration due to direct collisions between particles that are entrained at different velocities in the oscillatory 
motion of the sound field. Acoustic wake mechanisms are those that produce particle interactions through the 
surrounding medium because of hydrodynamic forces and the asymmetry of the flow field around the particle. 
It is assumed that the particles collide and agglomerate due to the interactions induced by sound waves. The aggregates 
formed during the agglomeration process were characterised as aggregates with a different radius to estimate the average 
radius of the primary particles in individual aggregates. The MD model was validated by comparison against the 
available analytical solutions.  Finally, interaction process of two and four particles investigated and presented.  
© 2014 The Authors. Published by Elsevier Ltd. 
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Nomenclature 
ai = {axi,ayi,azi} Vector of the translational acceleration of i particle 
d  = {dx,dy,dz}  Vector of normalized sound direction 
Fi = {Fxi,Fyi,Fzi} Vector of resultant forces of particle i acting in the centre of particle 
Fdi   Result fluid force of particle i acting in the centre of particle 
Fgi   Gravity force of particle i acting in the centre of particle 
f  Frequency of sound  
i, k   Subscript notation of particle index 
l   Slip of the particle in the Oseen regime 
m   Subscript notation of quantity belonging to surrounding medium  
mi   Mass of i particle 
μm   Dynamic viscosity 
νm   Kinetic viscosity 
ω  Angular frequency of sound 
p   Subscript notation of quantity belonging to particle 
Repi   Reynolds number of particle i 
Ri  Radius of particle  
ρ   Fluid or particle density 
r    Inter-particle distance 
σg   Geometric standard deviation 
t    Time 
s   Subscript notation of quantity belonging to sound  
θs  Direction of sound with respect to plane Oxy  
    ui={uxi,uyi,uzi}  Vector of the translational velocity of i particle 
Us0,Ug0  Amplitude of sound velocity 
us   Acoustic velocity 
urel,i   Vector of relative velocity between medium and particle 
um   Vector of medium velocity 
upi   Vector of particle velocity 
xi={xi,yi,zi}  Vector of the translational position of i particle  
1. Introduction 
Acoustic agglomeration of dispersed aerosol particles is a process in which intense sound waves produce 
relative motions and collisions between initial small particles sequentially forming larger particles. It is 
observed that the agglomeration can significantly shift the particle size distribution of an aerosol from 
smaller to larger sizes in a short time of the order of 1 s. Acoustic agglomeration has a potential to be used in 
air pollution control. Enhancement of the efficiency of conventional particle filtering devices, which are 
inefficient for retaining smaller particles in a range of micrometers, is a primary manifest of acoustic 
agglomeration. 
Aerosol is particulate media, therefore, particle-based approach is natural numerical technique could be 
applied for its simulation. Development of the MD for aerosol particles follows formally the conventional 
path, and it is focussed on evaluation of all available particle forces including binary interactions with 
neighbour partners, particle–fluid interaction and the external field induced forces. Detailed classification of 
particle forces occurring in fluid may be found in review papers [1] and [2]. Concerning acoustics induced 
forces, the reviews of Xiang et al. [3], Li et al. [4], Shuai et al. [5] may be pointed out. 
The process of acoustic agglomeration is governed by various the particle-fluid and the particle-particle 
interactions, and several approaches for acoustic agglomeration have been formed. The orthokinetic 
collisions and the hydrodynamic acoustic wake effect are dominant first-order effects leading to the 
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agglomeration of poly-dispersed particle systems. Theoretical aspects of various agglomeration  mechanisms 
are discussed in [6]-[9]. 
 Orthokinetic interactions refer to the agglomeration due to direct collisions between particles that are 
entrained at different velocities in the oscillatory motion of the sound field. Particles with different sizes are 
entrained differently by motion of the medium because of the differences in particle inertia. The earlier 
investigations on orthokinetic collisions date back contribution of Mednikov [10]. Important contribution of 
Dong et al. [11] with respect to the separate and combined effects of orthokinetic collision may be 
emphasised. Nevertheless, the orthokinetic collision mechanism is able to model particle collisions that 
occur due to the different particle entrainments; it does not explain agglomeration for particles with identical 
or similar sizes.  
Hydrodynamic mechanisms are those that produce particle interactions through the surrounding medium 
because of hydrodynamic forces and the asymmetry of the flow field around the particle. The wake, termed 
the acoustic wake, leads to a pressure reduction in the area behind the leading particle. If the other particle 
follows this acoustic wake, it experiences a drag reduction and moves at an accelerated speed towards to the 
leading one. It was observed that the acoustic wake is the first order effect causing, generally, dominant 
hydrodynamic agglomeration mechanism. A theory to describe the acoustic wake effect based on Oseen 
flow fields was first proposed by Pshenai-Severin [12] for two same-sized particles aligned along the 
direction of the sound wave. Dianov et al. [13] extended the theory to include the interactions between 
differently sized particles and derived an analytical solution. The acoustic wake effect combined with 
gravitationally settling particles forms the characteristic tuning-fork patterns first discovered by Hoffman 
and Koopmann [14,15]. 
In presented work, the MD methodology were adopted to for simulation of acoustic agglomeration of 
aerosol particles and the conventional MD code is adopted for simulation purposes. In Section 2, 
methodology and basic relations of the particles interactions method applied to the dynamic behaviour of 
aerosols is described.  In the section 3 numerical results are presented.  
2. Simulation methodology and basic relationships  
The particles of spherical shape with radius Ri embedded into the surrounding incompressible medium 
are considered. The medium is characterised by the density mU , the dynamic and kinematic viscosities of the 
medium m m mP Q U  and mQ , respectively. The subscript m will be used for indication of the medium 
parameters. 
External excitation presents the sound field having a constant initial sound intensity with the maximum at 
the surface of the distributor. The sound source is characterized by the sound velocity amplitude, Us0,, and 
the frequency, f. Thus, the sound attenuation of the distributor is neglected. Several main assumptions will 
be introduced in considering the behaviour of aerosol particles. Their formulations defined regarding given 
parameters are as follows.  
The spatial variation of acoustic wave is neglected. In a series of our simulation experiments, the acoustic 
wave propagates horizontally while direction of sound with respect to plane Oxy is defined by angle sT . 
Finally, in-plane motion  of the sound wave in time t with 0sT  is described by a sinusoidal acoustic 
velocity us = us(t) in a form 
   0 sins su t U tZ ,  (1) 
where ω is the angular frequency, 2 fZ S .  
Agglomeration mechanism is driven by binary coalescence of particles after collision, and it is considered 
in the following manner. Two particles i and k collide upon the condition that particles overlap occur, i.e. 
when the inter-particle distance  ikr t between surfaces of two approaching particle drops to zero. 
Consequently, contact and short range attractive forces are not taken into account. When this condition is 
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satisfied, two particles are merged into the one bigger particle. Assuming that particle k disappears from the 
system, while characteristics of the new modified particle i is obtained regarding conservation laws 
Lagrangian approach and molecular dynamic methodology was applied for simulation of the dynamic 
behaviour of aerosol particles. The particle interactions offers a direct way to study the state of particulate 
solid numerically by computing the motion and interactions of individual particles 
The translational particle’s motion is described in a Cartesian framework of classical mechanics and 
obeys Newton’s second law. Here, axis Oy points the vertical direction. An arbitrary particle i in 3D is 
treated as a solid body with mass mi. It’s motion in time t is described  in the global Cartesian frame of -
reference and characterized by the position vector of the particle mass centre xi, the translational velocity 
d dti i iu = x = x /  and the acceleration i i i  a u x . Governing equations of the particle can be written 
vector form as 
 i i i tm  u F .  (2) 
Here, vector Fi presents the resultant force acting in the centre of the particle. In summary, resultant force 
of an arbitrary particle i comprises several components  
i di bi gi  F F F F .  (3) 
The gravity force Fgi and the buoyancy force Fbi will be taken into account where they are appropriate. 





§  SP .  (4) 
A non-dimensional parameter, Re, is the Reynolds number for particle i. It is expresses in terms of 
properties of a surrounding medium as follows:   
,2 /  i m rel i mRe R U P u  (5) 
It is obvious that drag force as well as Reynolds number [6, 13] depends on velocities.  Here, urel.i stands 
for the relative velocity [7] between the velocities of medium  m tu  and the particle (slip-flow) velocity up,i 
     , ,rel i m p it t t u u u  (6) 
Since aerosol particles are partially entrained into the oscillating motion of the medium, the velocity of an 
isolated particle up,i(t) in the interactions calculations is obtained numerically by solving (2). 
If we assume a synchronous motion of medium with the propagation of the sound, the disturbance 
velocity is the velocity of medium due to acoustic motion (1)  
   m st t u u  (7) 
This expression (7) reflects conditions of orthokinetic agglomeration, neglecting, however, inter-particle 
effects.  
The particle interactions simulation methodology comprises time integration of equation (1) and the 
explicit Verlet integration scheme is used. Positions xi and velocities ui of each particle are determined 
incrementally using small time steps. 
1222   Darius Markauskas et al. /  Procedia Engineering  102 ( 2015 )  1218 – 1225 
3. Numerical results 
A series of numerical tests were performed to validate the numerical model and to demonstrate the 
method. The basic data used in our simulations are characterized in the following way.  The monochromatic 
sound wave  is characterized by an amplitude velocity Us0 and a frequency f.  the  surrounding medium is 
defined by density ρm and dynamic viscosity Qm. Particle properties are characterised by density ρp and by 
radius R. The summary of data value applied in our simulations is given in table 1, where each of the lines 
are relevant to a particular sample. 
 
Table 1. Data values for particular samples 
 
Characteriza
tion of sample 

























Sample 1 1.0 100. 1.2 18.3·10-6 1000. 0.5 
Sample 2 1.0 200. 1.2 18.3·10-6 1000. R1 = 0.5 R2 = 0.5, 0.75, 1.0, 2.0 
Sample 3 1.0 200. 1.2 18.3·10-6 1000. 0.5 
 
The first computations are  aimed to validate performance of the elaborated methodology. The data for 
these tests  are given in Table 1.  
Sample 1. The testing problem  denoted hereafter as Sample 1 comprises validation of numerical results 
against analytical solution. The interaction between two identical spherical particles i and k during the 
approach motion was simulated numerically, and the numerically obtained  variation of the relative inter-
particle velocity u12 along inter-particle distance coordinate r was compared with the analytical solution 
presented by Dianov et al. [13]. More definitely, analytical expression for the acoustically induced wake is 
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Fig. 1. Variation of the relative inter-particle velocity u12 during approaching distance – comparison of numerical results against 
analytical solution. 
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3.1. The agglomeration of two differently-sized particles  
Agglomeration of two differently sized particles having radii R1 and R2 will be illustrated by considering 
effect of the relative size ratio = R1/R2. A set defined by considering four cases ratio = 1.0; 1.5; 2.0; 4.0 was 
analysed. Figure 2 shows the particle trajectories. 
 
 
   
Fig. 2. Agglomeration patterns for binary interaction of differently sized particles (initial distance 20 μm, initial angle 30º) 
3.2. The Multi-particle sequential agglomeration mechanism.  
The multi-particle sequential agglomeration mechanism is based of superposition of all interactions onto 
particle. Each particle interacts with other particles threw acoustic wake force. Additionally, each particle 
could collide threw orthokinetic induced collision. All other hydrodynamic effects was neglected. New one 
particle is formed after collision from old two’s by calculating of radii of new particle from volume of old 
particles.  So, collisions induced agglomeration process always is going pairwise between come nearest 
particles.      
3.3. The Agglomeration of multi-particle system.  
Agglomeration of fourth equivalent sized particles having radii R1 will be illustrated by considering effect 
of serial pair particle convergence. A set two defined configurations was analyzed. First set represents 
random generated configuration, second shows initially mirror quasi-symmetric configuration. Both initial 
configurations are taken in Figure 3 and show the particle trajectories before and after agglomerations. Left 
side picture shows finally agglomeration of four particles, the opposite right side picture shows divergence 
of two agglomerated particles. 
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Fig 3. Four particles in random initial configuration (left) and mirror quasi-symmetric initial configuration (right)  
 
4. Concluding remarks 
Application of the MD for simulation of acoustic agglomeration in poly-dispersed aerosols was proposed. 
It is assumed that the particles collide and agglomerate due to the interactions induced by sound waves. The 
aggregates formed during the agglomeration process were characterised as aggregates with a different radius 
to estimate the average radius of the primary particles in individual aggregates. Comparison of obtained 
numeric results with theoretical results of other authors shows good agreement. Finally, interaction process 
of four particles shows that agglomeration is going in numeric simulation pairwise between come nearest 
aerosol particles.  
References 
[1] H. Zhu, Z. Zhou, R. Yang, A.B. Yu, Discrete particle simulation of particulate systems: theoretical developments, Chem. Eng. Sci. 
62 (2007) 3378–3396. doi:10.1016/j.ces.2006.12.089. 
[2] N.G. Deen, M. Van Sint Annaland, M.A. Van der Hoef, J.A.M. Kuipers, Review of discrete particle modeling of fluidized beds, 
Chem. Eng. Sci. 62 (2007) 28–44. doi:10.1016/j.ces.2006.08.014. 
[3] L. Xiang, W. Shuyan, L. Huilin, L. Goudong, C. Juhui, L. Yikun, Numerical simulation of particle motion in vibrated fluidized beds, 
Powder Technol. 197 (2010) 25–35. doi:10.1016/j.powtec.2009.08.016. 
[4] S. Li, J.S. Marshall, G. Liu, Q. Yao, Adhesive particulate flow: The discrete-element method and its application in energy and 
environmental engineering, Prog. Energy Combust. Sci. 37 (2011) 633–668. doi:10.1016/j.pecs.2011.02.001. 
[5] W. Shuai, L. Xiang, L. Huilin, L. Guodong, W. Jiaxing, X. Pengfei, Simulation of cohesive particle motion in a sound-assisted 
fluidized bed, Powder Technol. 207 (2011) 65–77. doi:10.1016/j.powtec.2010.10.011. 
[6] R. Tiwary, G. Reethof, Hydrodynamic interaction of spherical aerosol particles in a high intensity acoustic field, J. Sound Vib. 108 
(1986) 33–49. 
[7] L. Song, G. Koopman, T. Hoffmann, An improved theoretical model of acoustic agglometation, J. Vib. Acoust. 116 (1994) 208–214. 
[8] I. Gonzalez-Gomez, T.. Hoffmann, J.. Gallego-Juarez, Theory and calculation of sound induced particle interactions of viscous 
origin, Acostica-- Acta Acust. …. 86 (2000) 784–797. 
[9] J. Liu, J. Zhou, K. Cen, G. Zhang, J. Wang, Frequency comparative study of coal-fired fly ash acoustic agglomeration, J. Environ. 
Sci. 23 (2011) 1845–1851. doi:10.1016/S1001-0742(10)60652-3. 
[10] E.P. Mednikov, Acoustic Coagulation and Precipitation of Aerosols, Consultant, New-York, 1965. 
[11] S. Dong, B. Lipkens, T.M.M. Cameron, The effects of orthokinetic collision, acoustic wake, and gravity on acoustic agglomeration 
of polydisperse aerosols, J. Aerosol Sci. 37 (2006) 540–553. doi:10.1016/j.jaerosci.2005.05.008. 
[12] Pshenai-Severin S., On the convergence of aerosol particles in a sound field under the action of the oseen hydrodynamic forces, 
125 (1959) 775–778. 
[13] D. Dianov, A. Podolskii, V. Turubarov, Calculation of the hydrodynamic interaction of aerosol particles in a sound field under 
Oseen flow conditions, Sov. Phys. Acoust. 13 (1968) 367–374. 
[14] T. Hoffmann, G. Koopmann, Visualization of acoustic particle interaction and agglomeration: Theory and experiments, J. Acoust. 
Soc. Am. 99 (1996) 2130–2141. 
1225 Darius Markauskas et al. /  Procedia Engineering  102 ( 2015 )  1218 – 1225 
[15] T. Hoffmann, G. Koopmann, Visualization of acoustic particle interaction and agglomeration: Theory evaluation, J. Acoust. Soc. 
Am. 101 (1997) 3421–3429. 
